Strecker et al. (2003) show a recent example of cascading workflows to progressively mine seismic data for information. Thus, for multiple seismic attribute volumes, calculated from a 3D data set, data mining can lead to a seismic facies indicator that best discriminates lithology, fluid, and geometry, and finally produces a volume calibrated to rock properties. This is the desired goal for most, if not all, interpreters. However, such data integration is not always feasible when well and seismic data do not cover the same region, when core and biostratigraphic data are scarce or unavailable, and when migrated volumes lack adequate resolution and have severe acquisition footprint problems.
A joint research project by PEMEX and Japan National Oil Corporation had the following main objectives: (a) evaluate the applicability of facies modeling and geostatistics to turbidite sandstone of Chicontepec reservoirs (Agua Fría, Coapechaca, and Tajín fields); (b) understand the well performance of Chicontepec reservoirs, which exhibit low productivity and rapid decline in production rate; and (c) recommend possible means to optimize field development.
The deposition of the Chicontepec turbidites in Agua Fría, Coapechaca, and Tajín is believed to have originated from multisource submarine fan systems with lateral and longitudinal sediment supply (Abbaszadeh et al., 2003) . Because of this, the sequence stratigraphy of the reservoir interval of the Chicontepec Formation is very complicated. Much well data does not fall within the boundaries of the 3D seismic surveys and, consequently, reservoir characterization remains a major challenge for both interpreters and petroleum engineers. However, because of an aggressive drilling schedule, defining the geometry, architecture, and internal character of these turbidite deposits is of paramount importance.
One approach adopted by PEMEX Exploration and Production was modifying and/or developing algorithms and interpretation workflows to address problems specific to the complex geology of turbidites in Mexico. This motivated evaluation of recently developed prototype algorithms to enhance existing images.
Our workflow has two steps, with and without cascading, to attack the complex problems of reflector resolution and detection in migrated seismic volumes. First, we use migration deconvolution to improve reflector resolution of available time-migrated results. Then, we employ geometric attributes (volumetric coherence and curvature), computed before and after migration deconvolution, to detect and map depositional features of exploration interest.
Migration deconvolution. Jerry Schuster and colleagues at the University of Utah have developed a novel process called migration deconvolution (MD), which can be applied to both poststack and prestack, time-and depth-migrated results (Schuster and Hu, 2000; Hu et al., 2001; Yu et al., 2006) .
Since a previous collaboration with the Utah team on a complex marine data set (Luo and Chávez-Pérez, 2006) significantly improved the subsurface image, we wanted to determine if MD could improve the quality and resolution of a more irregularly sampled 3D prestack time-migrated data volume acquired on land in Chincontepec Basin.
The Agua Fría-Coapechaca-Tajín survey suffers from severe acquisition footprint. Nongeologic patterns produced primarily in the acquisition stage vary with depth. The source and receiver grid is quite irregular, and we cannot suppress acquisition footprint through simple k x -k y filtering of time slices. Much of the footprint is migration artifacts correlated to the acquisition design, which obscure the target area where turbidite deposits need to be characterized between major erosional surfaces. Vertical resolution is about 35 m and the main hydrocarbon plays are turbidite beds no more than 60 m in thickness.
Schuster and Hu (2000) and Hu et al. (2001) define MD as a component of least-squares migration. An idealized least-squares migration would fit each and every seismic event with a weighted combination of model impulse responses, similar to the way in which Radon transforms fit seismic CDP gathers with a suite of hyperbolic or parabolic moveout curves. Both methods could be solved by constructing a suite of "normal" equations which are then inverted. These equations have the form
where d is the acquired surface seismic data, m is the desired reflectivity model, G T is the migration operator, G T d is the conventional migrated image, and G is the Green's function or demigration operator.
Schuster's innovation is to accept G T d, the best migration image obtained from a seismic contractor, and focus on the term [G
T G]
-1 which he interprets as a deblurring operator. Furthermore, instead of requiring the same Green's function for the migration and deblurring step, Schuster recognized that significant improvement can be obtained by using a computationally much simpler and more efficient operator in the deblurring step. In general, to improve spatial resolution and illumination of the migrated images, we need to carefully construct the appropriate deblurring operator by calculating the migration Green's function associated with the specified acquisition geometry and velocity model.
For our data volume, the goal of MD postprocessing is to enhance the stratigraphic information within the 3D Kirchhoff prestack time-migrated volume provided by the contractor. The original data consist of 518 ǂ 204, 25 ǂ 25 m bins, and 1252 4-ms time samples. The inline and crossline dimensions of the migration volume are the same as the original data size. The MD filter length is 11, the condition number estimate to stabilize the inversion is 200, and the reference position is in the middle of the model. We used a constant velocity value of 3.5 km/s and a differential filter for the final results (Chávez-Pérez et al., 2006).
Our resulting sections and time slices demonstrated that MD improves spatial resolution and stratigraphic definition. The time slices (not shown) can be used more reliably by an interpreter to look for relevant depositional features (e.g., channels). We believe that resolution improvements ( Figure  2 ) are due to the fact that the MD filter accounts for the limited frequency band of the source and the spatial aperture of the data, and tends to transform a 2D sinc function into a point-like object. Thus, spatial resolution increases and the wavenumber spectra of the time slices whiten.
We calibrate our images with well data, by computing synthetic seismograms for nearby wells where sonic and density logs were available. Figures 3-5 show good comparisons between the real data and synthetic seismograms, demonstrating that MD improves stratigraphic definition.
Geometric attributes. While several oil companies have internally developed advanced geometric attribute software, only a few products, such as coherence, have become commercially available. Equally important, very little has been published on the attribute expression of turbidites, and less has been published on the sensitivity of these attributes to data processing.
Marfurt and colleagues at the University of Houston and the University of Oklahoma were interested in collaborating with us to modify their algorithms and workflows to address problems specific to turbidites in Mexico. In particular, we are most interested in quantitatively evaluating the impact of MD and other potential postprocessing steps (e.g., alternate options for acquisition footprint suppression) through improved delineation of structural and stratigraphic features as seen on 3D volumetric attributes.
The continuity of turbidite intervals can be inferred and obtained from 3D seismic horizon slices. Figures 6-8 show a suite of horizon slices 130 ms above the base of Chicontepec Formation with various geometric attributes computed from the seismic data after MD. Figure 6 shows a coherent energy horizon slice and a crossline, both after MD. Figure 7 displays the same horizon slice after most-positive curvature computation along with a crossline, both after MD. Figure 8 reinforces the presence of the channel path suggested by Figure 6 , because both coherent energy and positive curvature define this depositional feature.
Further work may include the definition of sandy turbidite elements including meandering channels and individual sand bodies, channel migrations, and morphology of shingled reflections (Weimer and Slatt, 2004) . Results can then help design development wells.
Impact of MD.
To better appreciate the impact of MD on geometric attributes, consider Figures 9-11 which show the plan view of the same horizon in Figures 6-8 , with coherence, most-negative curvature, and most-positive curvature, respectively. Note the overall imaging enhancement, due to better lateral resolution and detection inline, where strong, roughly SW-NE acquisition footprint noise alignment can be clearly seen on all figures. This is mostly caused by acquisition footprint attenuation, reduction of migration noise and artifacts, and illumination improvement.
Conclusion.
A two-step workflow combining migration deconvolution and geometric attributes leads to imaging enhancement and allows us to identify depositional features previously undistinguishable in the original migrated seismic images. 
